(Wu and Goldberg, 1993). Localization of these proteins in the filopodia appears to affect growth cone dynamics Second, at least one member of the Ena/VASP family must be present for rapid, directed, actin-based moveand may be important in regulating axon guidance (Wu and Goldberg, 1993; Wu et al., 1996; Paglini et al., 1998). ment of Listeria (V. Laurent, J. Wehland, F. B. G., and M. Carlier, unpublished data). Profilin has also been imIn this report, we present data indicating that Mena plays an important role in the regulation of growth cone plicated in Listeria movement (Theriot et al., 1994) , and it has been postulated that one function of Mena and dynamics and axon guidance. We have generated Mena-deficient mice and analyzed the phenotype of the VASP in this context is to bind ActA and link Profilin to the surface of Listeria. Third, expression of the neural mutant animals. We show that Mena is expressed in the developing nervous system and is required for the specific Mena(ϩ) isoform in fibroblasts leads to the formation of actin-rich cell surface protrusions, suggesting normal formation of several major axonal projection pathways in the brain, including the corpus callosum that at least this Mena variant can induce actin remodeling (Gertler et al., 1996) . Ectopic expression of the other and hippocampal commissure. Consistent with a role for Mena in axon guidance, we find that Mena is highly form of Mena, or of EVL or VASP, does not induce actin protrusion (Gertler et al., 1996; F. B. G., unpublished concentrated in the distal tips of growth cone filopodia. Finally, we describe a potent interaction between mutadata).
The fact that Mena(ϩ) is highly expressed in the develtions in Mena and Profilin I that reveals a role for these molecules in neural tube closure and provides the first oping nervous system and can induce actin protrusion led to the hypothesis that, like Ena, Mena(ϩ) could play genetic evidence linking Mena function to regulation of actin cytoskeletal dynamics. a role in regulating growth cone motility and axon guidance. In the developing axon, actin polymerization drives formation of growth cone filopodia and is required Results for axon pathfinding, whereas microtubule polymerization extends and stabilizes the axon shaft once a direcGeneration and Biochemical Characterization tion is chosen (Mitchison and Kirschner, 1988 Figure 1A ). The resulting locus bands, respectively; Halbrü gge and Walter, 1989; A. Lambrechts and F. B. G., unpublished data). produced a fusion protein containing the 5Ј untranslated region of Mena and the initiator methionine fused in frame to ␤geo. This strategy resulted in a Mena protein
Mena Protein Expression
The distribution of Mena in wild-type adult organs was null mutant and introduced a lacZ reporter gene under the control of the endogenous Mena promoter (creating compared to that of EVL and VASP (Figure 2A ). The 140 kDa form of Mena was detected only in the brain, while the Mena ␤geo allele). Four independent Mena ␤geo/ϩ ES cell lines were used the 80 kDa form of Mena was expressed predominantly in brain, testis, ovaries, and fat. In contrast, EVL and to obtain germline transmission of the mutant allele. Genotypes of the resulting animals were determined by VASP were most highly expressed in thymus and spleen, and the relative intensities of the phospho and dephosSouthern blot analysis (data not shown) and polymerase chain reaction (PCR; Figure 1B ). All four ES cell lines pho forms varied from tissue to tissue, suggesting that EVL and VASP may be differentially regulated in the gave equivalent results, so one of these lines was selected for further analysis. Mena homozygous mutant brain and organs. Because Mena was expressed at high levels in the brain, while both VASP and EVL were exanimals (Mena ␤geo/␤geo ) were fully viable and were recovered in the appropriate Mendelian ratios (data not shown).
pressed at low levels, the distribution of Mena in adult and developing brain was characterized in greater detail. Homozygous mutant animals were smaller than their littermates until adulthood and exhibited abnormal cage
The 80 and 140 kDa forms of Mena were detected in all regions of the adult brain, with highest levels in the behavior, including reduced activity (data not shown). Western blot analysis of extracts from embryonic heads hippocampus, cortex, and midbrain, and lowest levels in the striatum and cerebellum ( Figure 2B ). The 140 kDa and adult brains was used to verify that the Mena Spontaneous agenesis of the corpus callosum has been observed in several inbred strains of mice, including The pattern of Mena expression in embryonic tissues was determined by in situ hybridization of whole-mount 129sv (Wahlsten, 1982). Therefore, the Mena mutation was backcrossed to C57BL6 mice for ten generations, embryos using either a probe that detects all Mena transcripts or a probe specific to the Mena(ϩ) exon. At E8.5, and all mice analyzed in these experiments were the coisogenic F1 progeny of crosses between the 129sv Mena was particularly enriched in the neuroepithelium, the forebrain, and the somites ( Figure 3A 
Mena
␤geo/␤geo mutants have more subtle defects in midline To determine if the corpus callosum failed to form during development or whether it formed and then decrossing, the identification of which will require further analysis. generated, we analyzed the development of this structure by DiI labeling. At P0, the corpus callosum of Using silver staining to visualize the fiber tracts at higher resolution, it was possible to observe that in wild-type animals was well formed and projected contralaterally through the midline ( Figures 6A and 6B ). In the Mena ␤geo/␤geo mutants a few fibers emerged from the Probst bundles and projected medially, crossing the Mena ␤geo/␤geo littermates, fibers of the corpus callosum reached the presumptive cingulum bundle but then apmidline just above the dorsal fornix ( Figures 5J-5L) . Within the fornix, fibers of the hippocampal commissure peared to project dorsally and turn away from the midline ( Figures 6C and 6D) . Therefore, the defects in the appeared abnormal; instead of crossing contralaterally, they appeared to reach the midline and project ipsilatercorpus callosum associated with the Mena ␤geo/␤geo mutation were due primarily to a failure of the axons to project ally (compare Figures 5I and 5L) . In more caudal sections, hippocampal commissure fibers crossed the midacross the midline during development. line (data not shown), indicating that the defects in the hippocampal commissure are most likely due to misMena Localization in Neuronal Growth Cones Given the axon guidance defects in the Mena mutants, routing and/or reduction in the number of fibers. Close examination of the sections revealed the presence of it was important to determine if the subcellular distribution of Mena was consistent with a role for Mena in axon cells at the midline (Figure 5L ), indicating that the interhemispheric fissure had fused properly during develguidance and/or growth cone motility. To do this, we chose to use cultured primary embryonic hippocampal opment. Defects in midline fiber crossing were also observed in the pons, where decreased numbers of ponneurons, which elaborate multiple dendrites and a single morphologically and histologically distinguishable axon tocerebellar fibers reached and crossed the midline (Figures 5M and 5N) . No defects were observed in other (Goslin and Banker, 1991) . Immunocytochemical analysis revealed that Mena was highly enriched in the lamellicommissures, including spinal motor neuron tracts, or in cortical lamination, indicating that there was not a podium and at the tips of the axonal growth cones (Figure 7A) . Identical results were observed with poly-and global failure in midline crossing or neuronal cell migration (data not shown). DARPP-32 immunocytochemistry monoclonal anti-Mena antibodies; no signal was observed when primary antibodies were omitted (data not was used to analyze axonal projections in the internal capsule for potential defects in axonal fasciculation shown). Similar Mena localization was seen in dendritic growth cones and at various stages of differentiation and/or pathway formation; however, no obvious disturbances were noted in these axonal pathways (data not (data not shown), suggesting that Mena may function in both types of growth cones throughout development. shown). 
Embryonic hippocampal neurons were fixed and labeled with antibodies to detect Mena and ERM proteins and with rhodamine-phalloidin to detect filamentous actin (F-actin). (A) Mena (green) is enriched at the tips of growth cone filopodia, distal to F-actin (red). (B) Triple labeling reveals that Mena (red) is distal to both F-actin (green) and the ERM proteins (blue)
. This is most clearly seen in the merged image. Garriga and F. 
B. G., unpublished data).
While we favor a model in which Mena function is required within the axons for guidance, the present data do not permit us to exclude the possibility that the axonal phenotypes in Mena mutants arise as a secondary consequence of other defects, such as failure to form the "glial sling" (a band of glial cells that support axons Glial cultures were prepared from P0 mouse cortex and plated onto tissue culture dishes in plating medium (MEM, 10% horse as described (Friedrich and Soriano, 1991) . serum, 0.6% glucose). Cortical cultures were prepared from E15 mice, plated on poly-L-lysine coated dishes and maintained in serum Western Blot Analysis free medium (1:1 F-12:MEM supplemented as described for serumOrgans were dissected and placed in buffer (RIPA; 50 mM Tris [pH free hippocampal culture, except using 25 g/ml insulin). Under 8.0], 150 mM NaCl, 1% triton, 0.5% deoxycholate, 0.1% SDS, 1 M these conditions, the majority of the cells are neuronal, though nonpepstatin, 1 mM PMSF, 0.3 M aprotinin, 1 M Leupeptin, 5 M dividing glia persist. E-64, 1 mM EDTA, 1 mM sodium vanadate, 50 mM sodium fluoride, 2 mm levamisole, 30 mM sodium pyrophosphate), the tissues were Analysis of Mena-profilin Animals dissociated using a tissue homogenizer, and extracts were centriThe construction of the profilin I targeting vector will be reported fuged for 30 min at 100,000 g. Protein concentrations were deterelsewhere (W. W. and D. K., unpublished data). The profilin I mutation mined using the BCA assay (Pierce). SDS-PAGE electrophoresis and was generated in J1 ES cells, which were derived from a 129sv Western blotting were done using standard techniques. Antibodies strain ( ;profilin I Ϫ/ϩ animals are associated with a tightly linked locus, it is striking that we analyzed In Situ Hybridization over a hundred animals and never observed neural tube defects In situ hybridization was done following protocol 2 as described segregating independently of the profilin I allele.
E9.5 embryos from (Hogan et al., 1994). Probes were prepared by in vitro transcription
Mena-profilin crosses were dissected, tails were removed for genoof linearized template DNA (either the entire Mena coding sequence typing (see above), and embryos were fixed in 4% PFA, then photoor the [ϩ] exon alone) using digoxigenin labeled nucleotides (Boehgraphed, and stored in PBS. Embryos for scanning electron microsringer Mannheim). Sense and antisense probes were prepared using copy were dehydrated in methanol/PBST, washed in methanol, and the T7 and T3 promoters at opposite ends of the linearized template. allowed to air dry for 5 min prior to mounting with adhesive tape. Signal was developed using an alkaline phosphatase-conjugated anti-digoxigenin antibody (Boehringer Mannheim) and BCIP/NBT
